remature infants in respiratory failure can have dramatic improvements after treatment with exogenous surfactant. However, a subset of premature infants have suboptimal responses to surfactant 1 and may have pulmonary hypertension in association with severe respiratory failure. [2] [3] [4] [5] [6] Inhaled nitric oxide may benefit such infants by selectively dilating pulmonary vasculature, improving ventilation-perfusion matching, and decreasing the pulmonary inflammatory response. [7] [8] [9] Inhaled nitric oxide had been shown to provide only short-term improvement in oxygenation in premature infants [10] [11] [12] [13] [14] until a recent single-center study reported an association between the administration of inhaled nitric oxide and a decrease in the incidence of bronchopulmonary dysplasia or death in a cohort of moderately ill infants. 15 We hypothesized that inhaled nitric oxide administered to premature infants with severe respiratory failure would reduce the incidence of death or bronchopulmonary dysplasia.
hypotheses and outcomes
The primary hypothesis was that administration of inhaled nitric oxide to neonates at less than 34 weeks of gestation, with a birth weight of 401 to 1500 g, and with severe respiratory failure would reduce the incidence of bronchopulmonary dysplasia or death (defined as death before discharge to home or within 365 days among hospitalized infants). Severe respiratory failure was defined as an oxygenation index of 10 or more on two consecutive measurements of arterial blood gases between 30 minutes and 12 hours apart. We used the conventional definition of bronchopulmonary dysplasia -treatment with oxygen at 36 weeks of gestation. 16 The oxygenation index was calculated as 100 ¬ the fraction of inspired oxygen ¬ the mean airway pressure (in centimeters of water) ÷ the partial pressure of arterial oxygen (PaO 2 ) (in millimeters of mercury).
The secondary hypotheses were that inhaled nitric oxide would not increase the incidence of grade 3 or 4 intraventricular hemorrhage or periventricular leukomalacia, and that it would decrease the number of days of assisted ventilation and oxygen use, the length of hospitalization, and the incidence of threshold retinopathy of prematurity. 17 In addition to the conventional definition of bronchopulmonary dysplasia, we assessed the "physiological requirement" for oxygen at 36 weeks of gestation in infants not on mechanical ventilation and receiving less than 30 percent oxygen by performing a stepwise reduction in oxygen delivery to the lowest oxygen concentration at which the oxygen saturation measured by pulse oximetry remained at least 90 percent. 18 Infants who were unable to maintain a saturation of 90 percent or more while breathing room air were classified as requiring supplemental oxygen and therefore having "physiological bronchopulmonary dysplasia."
criteria for eligibility
Neonates who had been born at less than 34 weeks of gestation, according to the best obstetric estimate, had a birth weight of 401 to 1500 g, required assisted ventilation, and had a diagnosis of respiratory distress syndrome, sepsis or pneumonia, aspiration syndrome, idiopathic persistent pulmonary hypertension, or suspected pulmonary hypoplasia were eligible. Eligible infants had received one dose of surfactant at least 4 hours before meeting the respiratory criteria for entry and had an oxygenation index of at least 10 on two consecutive measurements of arterial blood gas between 30 minutes and 12 hours apart.
On the basis of pilot data collected in National Institute of Child Health and Human Development (NICHD) Neonatal Research Network centers, we estimated that the rate of mortality or bronchopulmonary dysplasia in infants identified by the oxygenation-index criterion would be 75 percent. At the first interim analysis of the data safety and monitoring committee, the mortality rate was significantly higher than expected in both treatment groups. The committee requested that the entry criteria be modified to select a cohort whose severity of illness as measured by the oxygenation index was more similar to that of the targeted cohort. Data from the NICHD Neonatal Research Network were analyzed and used to revise the respiratory criteria for entry to an oxygenation index of at least 5 followed by an oxygenation index of at least 7.5, with the second determination made 30 minutes to 24 hours after the first. Hence, for purposes of analysis, the design was considered to have two strata based on the oxygenation-index entry criterion. Infants who required an indwelling arterial line were eligible from 4 to 120 hours after birth.
Infants were ineligible if they had congenital heart disease other than ventricular septal defect, atrial-level shunt, or patent ductus arteriosus; any major congenital abnormality involving the respiratory system; thrombocytopenia (a platelet count ≤50,000 per cubic millimeter); or bleeding diathesis or if a decision had been made not to provide full treatment. The study was approved by the institutional review board of each study center, and written informed consent was obtained from the parents or guardians of all infants.
Clinical care was not mandated by the protocol, but each center agreed to its own management guidelines to define its approach to mean arterial pressure, partial pressure of carbon dioxide, pH, surfactant replacement therapy, high-frequency ventilation, targets for lung inflation, paralysis, and the use of indomethacin, corticosteroids, bronchodilators, sedation, anesthesia, and analgesia for the duration of the trial.
study design and randomization
A dedicated telephone system developed by the data center stratified infants according to center and birth weight (401 to 750 g, 751 to 1000 g, and 1001 to 1500 g). Infants were randomly assigned within each stratum, according to a permuted-block design, to receive inhaled nitric oxide or placebo. Randomization, administration of the study gas, and safety monitoring were performed by designated, nonblinded persons not involved in clinical care. To maintain blinding, they made mock adjustments in the control infants, used a proprietary delivery and monitoring unit (INOvent, Datex-Ohmeda) with a specially designed gauge cover secured with a numbered tether (to keep track of when and by whom the unit had been opened), used an oxygen analyzer upstream of the site of administration of the study gas, and covered the downstream oxygen analyzer. A shroud secured with tamper-resistant tape was used to cover the tank label, and a screen was used to ensure blinding when the gauge cover was opened. All other research and clinical personnel were blinded to the treatment assignment.
administration of study gas
The study protocol was based on previous trials of inhaled nitric oxide performed by the Neonatal Research Network. 19, 20 When a study candidate had an initial measurement of arterial blood gas with a qualifying oxygenation index, parental consent was obtained, and an unblinded respiratory therapist set up the delivery system and analyzer (INOvent, Datex-Ohmeda) according to the manufacturer's guidelines. When a second qualifying measurement of arterial blood gas was obtained, infants were randomly assigned to either 5 ppm inhaled nitric oxide (INOmax, INO Therapeutics) or simulated flow. Primary-grade nitric oxide was supplied in a concentration of 800 ppm in nitrogen certified to be within ±1 percent of the stated nitric oxide content and to contain less than 5 ppm of nitrogen dioxide. If the study gas could not be initiated within 15 minutes, an additional sample of arterial blood gas was drawn as a baseline measurement and used to calculate the response to the study gas.
Response to the study gas was defined by the change in the PaO 2 between the baseline measurement and the measurement at 30 minutes without any alterations in ventilator or oxygen settings. A complete response was an increase of more than 20 mm Hg, a partial response an increase of 10 to 20 mm Hg, and no response an increase of less than 10 mm Hg. When a complete response occurred, administration of the same concentration of study gas was continued. For infants with less than a complete response, the study gas was increased to 10 ppm of inhaled nitric oxide or simulated flow, and arterial blood gas was measured again 30 minutes later. Infants who had a complete or partial response to 10 ppm of inhaled nitric oxide continued to be given that concentration; the study gas was discontinued in infants with no response at this flow level. If the condition of the infant deteriorated during administration of the initiation dose of the study gas, administration was discontinued and stabilization of the patient was attempted by such means as adjustment of the ventilator settings or inotropic infusions. If the patient was successfully stabilized, initiation of the study gas was tried again. If treatment with the study gas at the initiation dose was again accompanied by complications, the patient was classified as not having a response, and the study gas was withdrawn.
Weaning of the infants from the study gas followed a defined protocol and occurred 10 to 14 hours after the treatment had been initiated. Weaning was attempted only when the PaO 2 was more than 50 mm Hg and the oxygen saturation measured by pulse oximetry was greater than 90 percent. For weaning, the concentration of nitric oxide in the inhaled gas (or the simulated flow) was reduced as follows: 10.0, 5.0, 4.0, 3.0, 2.0, 1.0, 0.5, 0.0 ppm. If the oxygenation index was 5 or less, weaning was attempted every four to eight hours. Successful weaning was defined as a decrease in the PaO 2 of less than 20 mm Hg and to a value no lower than 50 mm Hg and oxygen saturation greater than 90 percent in the 30 minutes after the weaning attempt.
The dose of the study gas could be increased if two consecutive oxygenation indexes measured 30 minutes apart were at least 7.5. The study gas could be reinitiated if the original entry criteria were met and if no more than 72 hours had passed since the study gas was discontinued. The maximal duration of the administration of the study gas was 336 hours, and the dose could not exceed 1 ppm after 240 hours.
safety monitoring
Blood methemoglobin concentrations were measured within the first 3 hours after administration of the study gas, and then after 12 and 24 hours. While the infants were receiving nitric oxide at a concentration of more than 5 ppm, the sampling interval was every 24 hours, and while they were receiving a concentration of less than 5 ppm, the interval was every 48 hours. Methemoglobin levels of 4 percent or more were managed by reducing the concentration of study gas by half until the level fell below 4 percent. The study gas was discontinued if the methemoglobin concentration exceeded 10 percent.
Continuous inhaled nitrogen dioxide concentrations were monitored, and if they exceeded 3 ppm, the delivery system was immediately checked and infants were weaned from the study gas in 50 percent increments until the concentration was below 3 ppm. If the concentration exceeded 5 ppm, the nitric oxide cylinder was changed; the study gas was discontinued if nitrogen dioxide concentrations remained greater than 5 ppm. Cranial ultrasound scans were performed on all infants at 28±3 days.
statistical analysis
Assuming an incidence of death or bronchopulmonary dysplasia of 75 percent, we determined that 220 infants would be required in each group to provide the study with 90 percent power to detect a reduction in death or bronchopulmonary dysplasia of 20 percent in the group given inhaled nitric oxide. All tests were two-tailed, with an alpha level of 0.05. We conducted the primary analysis according to the intention-to-treat principle.
Differences between the treatment groups in baseline characteristics, status at randomization, and response to study gas were tested with the use of t-tests for continuous variables and chi-square tests for categorical variables. Differences in the primary and secondary outcomes were tested with the use of Poisson regression models for categorical variables and linear regression models for continuous variables. The models included birth-weight category, oxygenation-index stratum, center, and treatment group and were used to calculate the adjusted relative risks and 95 percent confidence intervals. 21 The post hoc analysis used the same model (when appropriate) as the primary analysis, and the interactions were tested by adding the relevant variables to the model.
The interim analyses of the data safety and monitoring committee were performed after one third and two thirds of the study patients had reached an end point of the study. The efficacy stopping rule for the study was based on the O'Brien-Fleming boundary, with three analyses of the data for the primary outcome one third of the way through the study, two thirds of the way through, and at the conclusion of the trial. The nominal significance level was 0.05, and corresponding P values for the looks were 0.005, 0.01, and 0.04, respectively. 22 INO Therapeutics provided the study gas, gas delivery systems, and site monitoring for all hospitals and capitation funding for the hospitals outside the NICHD Neonatal Research Network. The company was otherwise not involved in the study design, data analysis and interpretation, or preparation of the manuscript.
recruitment
At the recommendation of the data safety and monitoring committee, the trial was terminated after the second planned interim analysis, with 294 (67 percent) of the enrolled infants having reached a study end point (death, discharge to home, or 365 days of age). At that time, the incidence of grade 3 or 4 intraventricular hemorrhage or periventricular leukomalacia was significantly higher in the group being given inhaled nitric oxide than in the control group, and there was no apparent beneficial effect of treatment on the primary outcome. Recruitment ceased with enrollment of 420 patients instead of the planned enrollment of 440.
nificant differences between treatment groups in the baseline characteristics (Table 1) or status at the time of randomization ( Table 2 ). The distribution by birth weight did not differ significantly between the two treatment groups, with an overall distribution of 47 percent in the infants who weighed 401 to 750 g, 28 percent in those who weighed 751 to 1000 g, and 25 percent in those who weighed 1001 to 1500 g. The mean (±SD) oxygenation index at randomization was 24.6±16.3 for the first oxygenation-index stratum, and 20.4±17.4 for the second stratum.
The baseline characteristics for eligible infants who did not undergo randomization were similar to those for enrolled infants. The reasons for not enrolling were refusal of the parent (31 percent); unavailability of the parent (5 percent); or consent not being sought because of the recommendation of the attending physician (17 percent), unavailability of equipment (9 percent), use of high-frequency jet ventilation (8 percent), or other reasons (30 percent).
primary outcome
There was no difference between the incidence of the primary outcome (bronchopulmonary dysplasia or death) between the group given inhaled nitric oxide and the placebo group (80 percent vs. 82 percent; relative risk, 0.97; 95 percent confidence interval, 0.86 to 1.06; P=0.52) ( Table 3 ). The rate of bronchopulmonary dysplasia was 60 percent in the group given inhaled nitric oxide and 68 percent in the placebo group (relative risk, 0.90; 95 percent confidence interval, 0.75 to 1.08; P=0.26), and the rate of death was 52 percent in the group given inhaled nitric oxide and 44 percent in the placebo group (relative risk, 1.16; 95 percent confidence interval, 0.96 to 1.39; P=0.11). There were no discernible differences between the group given inhaled nitric oxide and the placebo group for the following variables: age at death (20 vs. 24 Born at study hospital -no. There were no significant differences in the two treatment groups with respect to the days on oxygen, the length of assisted ventilation, the length of hospitalization, the incidence of air leak, threshold retinopathy of prematurity, or "physiological bronchopulmonary dysplasia" for survivors (Table 3) . Thirty minutes after administration of the study gas, at a concentration of 5 ppm, the group given inhaled nitric oxide had a significant increase in the PaO 2 and a significant decrease in the oxygenation index as compared with the placebo group (Table 4). The PaO 2 and the oxygenation index showed no significant change in either group when the concentration of the study gas was increased to 10 ppm. More than 70 percent of the infants in the placebo group did not have a response to the study gas; these infants had a significantly shorter length of time on the study gas (39 vs. 76 hours).
There were 26 deviations from the protocol. Five ineligible infants were randomly assigned to a study group. One infant received the wrong study gas. Four incidents of unblinding occurred. Sixteen infants received open-label inhaled nitric oxide: sev-* Plus-minus values are means ±SD. CI denotes confidence interval, IVH intraventricular hemorrhage, and PVL periventricular leukomalacia. † Values were adjusted for center, birth-weight group, and oxygenation-index entry stratum. ‡ The outcome of death or bronchopulmonary dysplasia is for 208 infants in the placebo group. § This outcome is for infants who were alive at 36 weeks (109 in the group receiving inhaled nitric oxide and 127 in the placebo group). ¶ Results of ultrasound examinations of the head were available for 179 infants in the group receiving inhaled nitric oxide and for 155 in the placebo group. ¿ This outcome is for infants who survived (101 in the group receiving inhaled nitric oxide and 117 in the placebo group). ** This outcome was defined according to the protocol of Walsh et al., 18 for 100 infants in the group receiving inhaled nitric oxide and for 115 infants in the placebo group. † † Examination for retinopathy of prematurity was performed in 98 infants in the group receiving inhaled nitric oxide and 112 infants in the placebo group. en after undergoing randomization to inhaled nitric oxide and nine after undergoing randomization to placebo.
safety and toxicity
In the group given inhaled nitric oxide, two infants had a methemoglobin level of at least 4 percent, and one had a level of at least 8 percent. In the placebo group, two infants had a methemoglobin level of at least 4 percent; neither received open-label inhaled nitric oxide. In the group given inhaled nitric oxide, nitrogen dioxide concentrations were at least 3 ppm in four infants and at least 5 ppm in two infants. No infants in the placebo group had elevated nitrogen dioxide concentrations (Table 4) .
post hoc analyses
Post hoc analyses evaluated the relationship among birth weight (≤1000 g or >1000 g), mode of ventilation (high-frequency ventilation or conventional mechanical ventilation), severity of illness (as measured by a median oxygenation index >17 vs. ≤17) in terms of the primary outcomes, and the incidence of grade 3 or 4 intraventricular hemorrhage or periventricular leukomalacia ( Table 5 ). The interaction between treatment assignment and birth weight had a significant effect on death (P=0.02) as well as on death or bronchopulmonary dysplasia (P=0.02). Infants with a birth weight above 1000 g who were treated with inhaled nitric oxide had a significantly lower rate of death or bronchopulmonary dysplasia than infants in the placebo group (50 percent vs. 69 percent; relative risk, 0.72; 95 percent confidence interval, 0.54 to 0.96; P=0.03). Infants with a weight of 1000 g or less who were treated with inhaled nitric oxide, as compared with those in the placebo group, had higher mortality (62 percent vs. 48 percent; relative risk, 1.28; 95 percent confidence interval, 1.06 to 1.54; P=0.01) and a higher rate of severe intraventricular hemorrhage (43 percent vs. 33 percent; relative risk, 1.40; 95 percent confidence interval, 1.03 to 1.88; P=0.03).
The interaction between treatment group and type of ventilation had a significant effect on mortality (P=0.03). Infants receiving inhaled nitric oxide by means of conventional mechanical ventilation had a significantly increased rate of death as compared with infants receiving placebo by means of conventional mechanical ventilation (62 percent vs. 40 percent; relative risk, 1.46; 95 percent confidence interval, 1.10 to 1.92; P=0.01). Infants given inhaled nitric oxide as compared with those given placebo by means of conventional mechanical ventilation had similar oxygenation indexes at randomization (22.6±19.2 vs. 17.6±14.1, P=0.06) and similar birth weights (814±255 g vs. 853±267 g, P=0.33). The interaction between the treatment group and the oxygenation index was not significant.
We found that the administration of inhaled nitric oxide as used in this trial for premature infants with severe respiratory failure did not reduce the combined incidence of death or bronchopulmonary dysplasia. There were no significant differences in the secondary outcomes.
Previous randomized trials of the use of inhaled discussion * Plus-minus values are means ±SD. PaO 2 denotes the partial pressure of arterial oxygen. † The duration was calculated only in infants with a response. (21) 26 (17) >20 mm Hg 15 (17) 17 ( The results of our trial may seem to be inconsistent with those of the trial of Schreiber et al. However, the infants enrolled in our trial were smaller and sicker than those in the trial of Schreiber et al. Benefit in the Schreiber trial was limited to infants with an oxygenation index below 6.94, but only 17 infants in our trial had an oxygenation index in this range. Benefit (i.e., decreased bronchopulmonary dysplasia or death) in our trial was evident only in infants with a birth weight above 1000 g (Table 5 ), and the patients in the trial of Schreiber et al. had significantly higher birth weights than those in our trial. Their trial also had a larger proportion of black infants, but our analysis did not reveal a significant effect of race on responses to inhaled nitric oxide.
The rate of intraventricular hemorrhage has been a concern in trials of preterm infants given inhaled nitric oxide, because nitric oxide is known to inhibit platelet aggregation and increase bleeding time. [23] [24] [25] [26] [27] [28] Two small pilot studies of the use of inhaled nitric oxide showed high rates of intraventricular hemorrhage, 29, 30 but larger randomized controlled trials have not confirmed those findings. [10] [11] [12] [13] [14] [15] Review of our data on intraventricular hemorrhage at the second planned interim analysis showed an increased rate of severe intraventricular hemorrhage or periventricular leukomalacia in the group given inhaled nitric oxide as compared with the placebo group (39 percent vs. 27 percent, P=0.02), but this difference was not significant at the conclusion of the trial. Severe intraventricular hemorrhage or periventricular leukomalacia as the cause of death was not significantly higher in the group given inhaled nitric oxide, although our trial was not adequately powered to address this question.
Post hoc analyses suggested hypotheses that deserve further study. Infants with a birth weight above 1000 g seemed to benefit from inhaled nitric oxide therapy, with a decrease in the incidence of death or bronchopulmonary dysplasia without any increase in the rate of intraventricular hemorrhage. In contrast, infants with a birth weight of 1000 g or less who were treated with inhaled nitric oxide had an apparent increase in mortality and a higher rate of intraventricular hemorrhage. Infants receiving inhaled nitric oxide by means of conventional mechanical ventilation also seemed to have higher rates of death than those receiving inhaled nitric oxide by means of high-frequency ventilation. The article by Mestan et al. in this issue of the Journal 31 documents improved neurodevelopmental outcome at 2 years of age in infants who received inhaled nitric oxide; neurodevelopmental follow-up at 18 to 22 months of age for the infants enrolled in our trial is in progress.
In conclusion, the use of inhaled nitric oxide in premature infants who had a birth weight of less than 1500 g and severe respiratory failure did not result in a decrease in the rate of death or bronchopulmonary dysplasia. The use of inhaled nitric oxide in premature infants born at less than 34 weeks of gestation should be confined to clinical trials until those who benefit can be identified. 32
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